HOUSEKEEPING GENES, or maintenance genes, are those genes constitutively expressed to maintain cellular function (31) . Previously, tens of genes have been reported as putative housekeeping genes, but no small or large scale studies have been reported in which the identification of housekeeping genes was the primary goal of the study. The genes previously reported were identified by conventional methods, and the putative housekeeping role of the gene product is an incidental observation (8, 13, 17, 19, 21-23, 27, 34) . Only recently has it become practical to perform large quantitative surveys screening thousands of genes simultaneously to obtain expression information on a genomic scale (9, 10, 16, 24, 28, 30) . The availability of sequence information made possible by the Human Genome Project and the ability to produce and read high-density oligonucleotide arrays are the two major developments making this type of large scale analysis possible. Because of the specificity and sensitivity of high-density probe arrays, we were able to simultaneously measure thousands of genes expressed at low, moderate, and high abundance (6, 16, 32) . In an effort to identify the subset of genes required for cell maintenance, we measured expression levels of about 7,000 full-length genes in 11 different human tissues including adult heart, brain, lung, kidney, pancreas, uterus, and testis and fetal brain, lung, kidney, and liver. At the same time, we identified genes uniquely expressed in each of the 11 tissues, genes expressed in fetal tissues that are not detected in adult tissues, genes detected in adult tissues that are not detected in fetal tissues, genes uniquely expressed in a comparison of the 7 adult tissues, and genes uniquely expressed in a comparison of the 4 fetal tissues. Arguably, the uniquely expressed genes are critical for the specific functions that characterize and distinguish heart, brain, lung, liver, kidney, pancreas, uterus, and testis. Genes identified as expressed exclusively in fetal tissues may provide clues to developmental processes and are a candidate set for further analysis in disease studies.
MATERIALS AND METHODS
Sample preparation. All samples were prepared from pools of human poly(A) RNA purchased from Clontech (Palo Alto, CA). The tissues screened are listed followed by the number of tissues pooled and the Clontech catalog number in parenthesis. Adult samples: heart, 3 (6533-1); brain, 5 (6516-1); lung, 5 (6524-1); kidney, 8 (6538-1); pancreas, 10 (6539-1); uterus, 10 (6537-1); and testis, 19 (6535-1). Fetal samples: brain, 9 (6525-1); kidney, 27 (6526-1); lung, 7 (6528-1); and liver, 17 (6527-1). Poly(A) RNA was amplified and labeled with biotin following the procedure described by Wodicka et al. in 1997 (32) . First-strand cDNA synthesis was carried out at 37°C for 60 min. The amplified cRNA (target) was purified on an affinity resin (RNeasy, Qiagen) and quantitated.
Fragmentation, array hybridization, and scanning. Labeled target was fragmented by incubation at 94°C for 35 min in the presence of 40 mM Tris-acetate, pH 8.1, 100 mM potassium acetate, and 30 mM magnesium acetate. The hybridization solution consisted of 20 µg fragmented cRNA and 0.1 mg/ml sonicated herring sperm DNA, in 1ϫ MES buffer (containing 100 mM MES, 1 M Na ϩ , 20 mM EDTA, and 0.01% Tween 20). The hybridization mixture was heated to 99°C for 5 min followed by incubation at 45°C for 5 min before injection of the sample into the probe array cartridge. All preparations and hybridizations were performed in duplicate and were carried out at 45°C for 16-17 h with mixing on a rotisserie at 60 rpm. Following hybridization, the solutions were removed, arrays were rinsed with 1ϫ MES. Subsequent washing and staining of the arrays was carried out using the GeneChip Fluidics station protocol EukGE_WS2. The Probe arrays. The arrays were synthesized using lightdirected combinatorial chemistry as described previously (9, 10) . The HuGeneFL GeneChip probe arrays used for the current study contain probe sets representing 7,129 genes. The oligonucleotides are 25 bases in length. Probes are complementary and correspond to human genes registered in Unigene, GenBank, and The Institute for Genomic Research Database (TIGR). Each probe set has oligonucleotides that are identical to sequence in the gene and oligonucleotides that contain a homomeric (base transversion) mismatch at the central base position of the oligomer used for measuring cross hybridization. Probes are selected with a bias toward the 3Ј region of each gene. Probe pairs representing human genes such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ␤-actin, transferrin receptor, and transcription factor ISGF-3 serve as internal controls for monitoring RNA integrity. In addition, the probe arrays contain oligonucleotides representing sequences of bacterial genes, BioB, BioC, and BioD, and one phage gene, Cre, as quantitative standards. Copy numbers are determined by correlating the known concentrations of the spiked standards with their hybridization intensities as described previously (16) . Copies per cell are calculated based on the assumption that the average transcript length is 1 kb and there are 300,000 transcripts per cell.
Analysis. All samples were prepared and hybridized in duplicate. Only those transcripts detected as present in duplicate hybridizations or absent in duplicate hybridizations are reported. Of the transcripts present in duplicate hybridizations, the hybridization values were within twofold. The values from the duplicate hybridizations were averaged. GeneChip 3.0 software was used to scan and analyze the data. Microsoft Excel and Microsoft Access were also used for data analysis.
RESULTS
Identification of housekeeping/cellular maintenance genes. Using GeneChip probe arrays (DNA chips), we identified 535 genes that are expressed in each of 11 fetal and adult tissues. These genes are turned on early in fetal development and stay on throughout adulthood and therefore are likely candidates as the genes responsible for cellular maintenance also known as housekeeping genes. Forty-seven of the transcripts are detected at similar levels in each of the tissues and will be useful as a set of controls. For example, in each of the 11 tissues surveyed, the transcript for elongation factor EF-1-␣ (GenBank accession no. J04617) is detected at high abundance and the transcript for E2 ubiquitin (U39317) is detected in low abundance. Of the 535 genes, 288 of the transcripts vary in expression level by 5-to 10-fold, 134 transcripts vary by 11-to 19-fold, and 69 vary by greater than 19-fold. (For a list of the 535 genes expressed in all 11 tissues and the 47 transcripts expressed at the same levels, see Tables 1 and 2 of the supplementary material. 1 
)
The majority of the maintenance transcripts detected were present in moderate levels. The distributions of transcripts detected in all 11 tissues sorted by tissue type and abundance level are shown in Fig. 1 . The subset of transcripts expressed in each of the tissues, the maintenance transcripts, sorted by tissue type and abundance level are shown in Fig. 2 . Most transcripts detected in any one cell type are detected at low levels, Յ5 copies per cell. The majority of the maintenance transcripts detected are at moderate levels, 10-50 copies per cell. This may suggest that most maintenance transcripts are produced in excess and regulation occurs during translation or protein modification and/or delivery. Alternatively, because we chose to study whole organs, in which the variety of transcripts produced could be substantially complex, we may not be detecting all of the low-abundance messages.
Comparison of fetal and adult expression. In a comparison of genes expressed in fetal vs. adult tissues, we found ϳ400 genes expressed in fetal tissues not detected in any of the adult tissues. These genes are of interest as candidate disease-causing genes when activated in adult tissues and include stem cell leukemia product (GenBank accession no. M63589), faciogenital dysplasia protein (U11690), N-ras (X02751), B-myb (X13293), protooncogene c-myc (HG3523), and transcript CH138 originally reported as isolated from stomach cancer cell lines (S77393).
In a study of only adult tissues, 695 transcripts are expressed in all 7 tissues, with a subset of 241 genes expressed at the same level; 333 of the genes vary in expression level by 5-to 10-fold. Forty genes expressed in all 7 tissues differ in transcript levels by greater than 19-fold, and of these, 8 differ by more than 50-fold, including COX7A muscle isoform (GenBank accession no. M83186) varying by 52-fold (highest in heart, lowest in kidney, pancreas, and testis), lectin (J04456) varying by 58-fold (highest in uterus, lowest in kidney and pancreas), myosin heavy chain (AF001548) varying by 61-fold (highest in uterus, lowest in brain and pancreas), elongation factor-1␦ (Z21507) varying by 69-fold (highest in pancreas, lowest in lung and kidney), RNA polymerase II elongation protein (Z47087) varying by 70-fold (highest in brain, lowest in pancreas), extracellular mRNA for glutathione peroxidase (D00632) varying by 78-fold (highest in kidney, lowest in brain, pancreas, and testis), 14-9-9 protein -chain (D78577) varying by 81-fold (highest in brain, lowest in testis), and L-arginine:glycine amidinotransferase (S68805) varying by 133-fold (highest in pancreas, lowest in heart and lung). A set of genes frequently used as controls in standard expression analysis were found to vary in expression level by 7-to 23-fold; these include ␤-actin (M10277) varying by 7-fold, with highest expression in brain and uterus and lowest expression in heart, and GAPDH (M33197) varying by 8-fold, with highest expression in brain, heart, and kidney and lowest in pancreas. Another form of ␤-actin (X00351) varies by 22-fold, with highest expression in uterus and lowest in pancreas. ␣-Actin (X13839) varies by 23-fold, and ␥-actin (M19283) varies by 9-fold.
In fetal tissues, we found 767 transcripts expressed in all four tissues, 397 of which are expressed at the same level, 310 vary in expression level by 5-to 10-fold, 45 vary by 11-to 19-fold, and 15 vary by more than 19-fold. (See Tables 3 and 4 of the supplementary material for a list of the 695 shared adult transcripts and the 768 shared fetal transcripts.)
Tissue-specific transcripts. In the same experiments, we identified genes expressed uniquely in each of the tissues. For instance, in adult heart there were 3 transcripts not detected in the other 10 tissues, muscle glycogen synthase (GenBank accession no. J04501), MLC-1V/Sb isoform (M24248), and cytokine inducible nuclear protein (X83703). Not surprisingly, we found the greatest number of uniquely expressed genes in fetal tissues. Transcript numbers for brain were lower than anticipated, probably due to the difficulty of obtaining nondegraded brain RNA and the complexity of whole brain tissue. (See Table 5 of the supplementary material for a list of the genes uniquely expressed in a comparison of the tissues.)
DISCUSSION
Maintenance genes, a biologically relevant name for housekeeping genes. What is a housekeeping gene? About 35 years ago, housekeeping genes were simply defined as those genes that are always expressed (31) . Today, with a better understanding of cellular processes, the housekeeping genes are defined as those genes critical to the activities that must be carried out for successful completion of the cell cycle. They are genes that play a key role in the maintenance of every cell. In light of an improved understanding of this subset of genes (no dusting or vacuuming genes have been identified) it may be time to replace the term ''housekeeping gene'' with a term that is biologically relevant, ''maintenance gene.'' We have identified a subset of 535 genes expressed in 11 major fetal and adult tissues. These genes are turned on early in fetal development and stay on. We also identified a set of 47 transcripts that are expressed at the same level in fetal and adult tissues. This set will serve as a useful quantitative internal control in studies of normal adult and fetal gene expression.
Determining biologically relevant differences in expression levels. What is a biologically relevant difference in expression level? From a functional perspective, pro- tein activity is the most critical measure of biological significance. We know that biological systems are complex and regulation of gene expression is quite removed from the ultimate destiny of the gene product, protein activity. Transcription, posttranscriptional modification, translation, posttranslational modification, and transport processes are not 100% efficient (1, 4, 11, 12, 20, 25, 29, 33) . The cell must be able to tolerate and compensate for processing inefficiencies. The system must be flexible and, in most cases, probably produce an excess of transcript. Our data suggest that this may be the case for the maintenance genes. In a comparison of the abundance levels of all of the transcripts detected in all of the tissues with the abundance levels of the maintenance transcripts alone, we found that the majority of transcripts are expressed in low abundance, less than five copies per cell, whereas the maintenance transcripts are present in moderate levels, 10-50 copies per cell. Of course, some genes must be tightly controlled at the transcription step, but for the group of proteins responsible for basic cellular maintenance and survival, tight regulation at the transcription level is probably too risky. Studies of Saccharomyces cerevisiae and S. pombe support this line of reasoning. Twenty percent of genes in S. cerevisiae show noisy oscillations throughout the cell cycle, and in S. pombe it has been demonstrated that transcription is present in the absence of cell cycle progression and cellular concentrations of transcripts vary by two-to fourfold (3, 15).
Here, we report genes as expressed at the same level if they are expressed in all 11 tissues at levels within fourfold. For most genes, differences less than fourfold are probably not biologically significant, but there is not sufficient data to conclude that a five-or sixfold difference is more biologically significant than a threeor fourfold difference (5, 14) .
Until recently the technical challenge of accurately measuring small differences in gene expression has been practically insurmountable; consequently, there is little evidence to support the importance of small differences. For a subset of genes, it is likely that small differences have biological relevance, such as the genes encoding proteins that function differently when bound to high-affinity vs. low-affinity receptors or gene products triggering cellular cascades (2, 7, 18, 26) . What is a biologically significant fold difference at the mRNA level? With so few data, it is difficult to know what a biologically significant difference in expression level is, but with the increase in sensitivity made possible by array technology and the development of other competing methods, we are surely about to find out.
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